Poly(ADP-ribose) polymerase (PARP) transfers ADP ribose groups from NAD ؉ to nuclear proteins after activation by DNA strand breaks. PARP overactivation by massive DNA damage causes cell death via NAD ؉ and ATP depletion. Heretofore, PARP has been thought to be inactive under basal physiologic conditions. We now report high basal levels of PARP activity and DNA strand breaks in discrete neuronal populations of the brain, in ventricular ependymal and subependymal cells and in peripheral tissues. In some peripheral tissues, such as skeletal muscle, spleen, heart, and kidney, PARP activity is reduced only partially in mice with PARP-1 gene deletion (PARP-1 ؊͞؊ ), implicating activity of alternative forms of PARP. Glutamate neurotransmission involving N-methyl-D-aspartate (NMDA) receptors and neuronal nitric oxide synthase (nNOS) activity in part mediates neuronal DNA strand breaks and PARP activity, which are diminished by NMDA antagonists and NOS inhibitors and also diminished in mice with targeted deletion of nNOS gene (nNOS ؊͞؊ ). An increase in NAD ؉ levels after treatment with NMDA antagonists or NOS inhibitors, as well as in nNOS ؊͞؊ mice, indicates that basal glutamate-PARP activity regulates neuronal energy dynamics. P oly(ADP-ribose) polymerase-1 (PARP-1; EC 2.4.4.30) participates in DNA repair as DNA damage activates PARP-1 to catalyze extensive polymerization of ADP-ribose from its substrate NAD ϩ to nuclear proteins, most notably PARP-1 itself (1). Through PARP activation, massive DNA damage substantially reduces NAD ϩ levels and kills cells by critically depleting ATP (2). This cell death mechanism is important in septic shock (3), retinal ischemia (4), and head trauma (5, 6). Streptozotocin damage to pancreatic ␤ cells, a model of insulin-dependent diabetes, is abolished in PARP-1 Ϫ͞Ϫ mice (7-9), and ischemic myocardial damage is substantially reduced in PARP-1 Ϫ͞Ϫ hearts and by PARP inhibitors in wild-type (WT) hearts (10-13).
P
oly(ADP-ribose) polymerase-1 (PARP-1; EC 2.4.4.30) participates in DNA repair as DNA damage activates PARP-1 to catalyze extensive polymerization of ADP-ribose from its substrate NAD ϩ to nuclear proteins, most notably PARP-1 itself (1) . Through PARP activation, massive DNA damage substantially reduces NAD ϩ levels and kills cells by critically depleting ATP (2) . This cell death mechanism is important in septic shock (3), retinal ischemia (4), and head trauma (5, 6) . Streptozotocin damage to pancreatic ␤ cells, a model of insulin-dependent diabetes, is abolished in PARP-1 Ϫ͞Ϫ mice (7) (8) (9) , and ischemic myocardial damage is substantially reduced in PARP-1 Ϫ͞Ϫ hearts and by PARP inhibitors in wild-type (WT) hearts (10) (11) (12) (13) .
Poly(ADP-ribosyl)ation is implicated in glutamate neurotoxicity and vascular stroke. Glutamate toxicity involving N-methyl-D-aspartate receptors (NMDA-R) is mediated by activation of neuronal nitric oxide synthase (nNOS; ref. 1) . NO stimulates neuronal PARP (14) , and PARP inhibitors block cortical neuron NMDA toxicity (14) and cerebellar granule cell glutamate toxicity (15) . NMDA toxicity is abolished in PARP-1 Ϫ͞Ϫ cortical cultures (16) . Neural damage after middle cerebral artery occlusion elicits poly(ADP-ribose) (PAR) synthesis (16) (17) (18) , which is attenuated in nNOS Ϫ͞Ϫ mice after cerebral ischemia͞ reperfusion (I͞R; ref. 19 ). The PARP inhibitor 3,4-dihydro-5-[4-1(1-piperidinyl) butoxy]-1 (2H)-isoquinolinone (DPQ) inhibits ischemia-elicited PAR synthesis and markedly reduces infarct volume in rodent middle cerebral artery occlusion (20) (21) (22) , and PARP-1 Ϫ͞Ϫ mice show 65% (17) to 80% (16) reduction in infarct volume after middle cerebral artery occlusion.
DNA damage and poly(ADP-ribosyl)ation have classically been considered negligible under basal conditions. We now report substantial basal DNA damage and PARP activation in specific neuronal regions of the brain and in peripheral tissues. Basal in vivo neuronal PARP activity and DNA damage are diminished, whereas basal NAD ϩ levels are elevated after treatment with NMDA-R antagonists, free radical scavengers, and nNOS inhibitors, as well as in nNOS Ϫ͞Ϫ mice.
Materials and Methods
We employed, at 2 weeks, primary rat cerebral cortical neurons (16) , cerebellar granule cells (23) , and cerebral cortical astrocytes (24) . NAD ϩ assay (25) , PARP assay (26) , unilateral cortical ischemia (27) , in situ end labeling (ISEL), and PAR in situ (PARIS; ref. 7) were performed in 21-day-old male Sprague-Dawley rats. PARIS controls used sections dissected from rodent heads decapitated directly into liquid nitrogen. PARIS and ISEL signals were visualized by autoradiography and quantified with scintillation counting as described (7) or by electronic autoradiography with a Packard Instant Imager with which sections were manually outlined to ensure comparability in area and anatomy between compared conditions. At least five sections from at least five different animals in each group were analyzed. PARP protein and PAR were immunoprecipitated from NP-40-lysed tissue sections with monoclonal anti-PARP (1:100; Biomol, Plymouth Meeting, PA) or polyclonal anti-PAR (1:50; Trevigen, Gaithersburg, MD), followed with protein G͞Sepharose (1:40). Controls were with protein G͞Sepharose alone. We conducted immunohistochemical staining for PAR (13) and immunohistochemical staining for PARP with polyclonal anti-PARP (1:2,000, Biomol). For propidium iodide staining of DNA, tissue was incubated with 5 mg͞ml propidium iodide in PBS. We wondered whether glutamate-NMDA neurotransmission causes basal DNA damage and poly(ADP-ribosyl)ation. With 1 h of exposure, DNA strand breaks decrease 20-30% with the NMDA-R antagonists MK801 and aminophosphonovalerate; PARP activity declines 40-45%; and NAD ϩ levels increase 20% ( Table 2) .
Results

Primary Cultures of Neurons but
Glutamate-NMDA-R neurotoxicity is mediated by NO (1), and within 1 h, 7-nitroindazole (7-NI), a selective nNOS inhibitor, and L-nitroarginine, a more general NOS inhibitor, both reduce in vivo DNA strand breaks and poly(ADP-ribosyl)ation while elevating NAD ϩ levels ( Table 2) . NOS inhibitors are slightly less effective than NMDA-R antagonists. As observed with NMDA-R antagonists, NOS inhibitors lower poly(ADPribosyl)ation more than DNA strand breaks. PARP activity is reduced 30% and 40% by 7-NI and L-nitroarginine, respectively, and ISEL is reduced 20% with each drug. Downstream of NO, the superoxide and peroxynitrite scavenger MnTBAP (28) Table 3 ) and benzamide (Table 3) . WT and PARP-1 Ϫ͞Ϫ mice exhibit similar levels of ISEL, but PARIS is abolished in PARP-1 Ϫ͞Ϫ brain. The PARP inhibitor nicotinamide also depletes PARIS, and NAD ϩ (1 mM) eliminates PARIS by exceeding the K m for PARP-1 (Table 3) . Benzoic acid, structurally related to benzamide but not a PARP-1 inhibitor, does not affect PARIS (Table 3) . PARP-1 Ϫ͞Ϫ brain PARIS is 7% of WT (Table 3 ) and diffusely distributed ( Fig. 1 ).
All radiolabel in PARIS is immunoprecipitated with polyclonal antibodies to PAR ( Table 3 ), ensuring that the signal Table 2 . Inhibition of NMDA-R signaling events decreases basal PARP activity and DNA damage and elevates NAD ؉ in primary cultured neurons
Differences between control and drug groups for PARP activity (P Ͻ 0.05). ISEL (P Ͻ 0.05) and NAD ϩ values (P Ͻ 0.001) are means Ϯ SEM for five groups of 1 ϫ 10 6 cells. Control values varied by 2-3%. MnTBAP, Mn(III)tetrakis (4-benzoic acid) porphyrin. Data are shown as mean Ϯ SEM for six groups of 1 ϫ 10 6 cells. Neuronal values exceed astrocyte levels for PARP activity and DNA damage (P Ͻ 0.001), whereas astrocyte NAD ϩ levels exceed neuronal levels (P Ͻ 0.001).
Fig. 1.
Basal PARP activity and DNA strand breaks are colocalized in rat brain. PARIS was autoradiographically visualized in rat brain sections. High labeling sensitive to DPQ (10 M) occurs in cerebellar cortex, dentate gyrus of the hippocampus, olfactory bulb, ventricular ependymal cells, cerebral cortex, and striatum. Labeling is relatively absent from white matter regions, such as the corpus callosum. DNA strand breaks, assessed by ISEL with [ 33 P]dCTP, show localizations in rat brain and in WT mouse brain identical to those of PARIS in WT rat brain. Although PARIS is absent from PARP-1 Ϫ͞Ϫ brain, ISEL is equally prominent in both WT and PARP-1 Ϫ͞Ϫ brain. There is substantially lower PARIS in mouse cerebellum relative to rat cerebellum and mouse forebrain. Results shown are representative of those obtained from at least five trials of at least 10 mice per group.
reflects PAR. Radiolabel is also immunoprecipitated with polyclonal antibodies to PARP-1 protein ( Table 3 ), indicating that PARP-1 is predominantly labeled in rodent brain. All PARIS signal migrates with SDS͞PAGE as a single intense band at about 110 kDa, identical to PARP-1 mobility. Labeling is abolished by DPQ and is absent in PARP-1 Ϫ͞Ϫ brains (Fig. 2) . The highest concentrations of PARIS radiolabel in rat brain are in pituitary and pineal glands. High levels also occur in cerebellar granule cells, hippocampal dentate gyrus, olfactory bulb, and ependymal and subependymal ventricular cells (Fig.  1) . Under high magnification, cerebellar signal is mostly associated with Purkinje and granule cells, whereas label is in pinealocytes in the pineal gland and in anterior lobe in the pituitary gland. (data not shown). Rat and mouse brain display very little basal PARIS signal in white matter (Fig. 3) , despite significant immunostaining for PARP-1 in white matter tracts and glial cells (data not shown).
Because PARP is activated by DNA damage, we directly monitored DNA strand breaks by ISEL with [ 33 P]dCTP. ISEL localization is identical to that of PARIS in rat brain. Thus, basal PARP activity in rat brain seems to reflect basal DNA damage. In mouse brain, the regional distribution of ISEL is the same as in rat brain (Fig. 1) . Though PARIS localization in WT mouse brain resembles that in rat brain, relative levels in forebrain and cerebellum differ somewhat from ratios in rat brain and for DNA strand breaks in rat and mouse brain (Fig. 1) .
PARIS and ISEL are selectively localized in rat hippocampus, with the most intense signal in dentate gyrus granule cells and less signal in pyramidal cell layers CA 1-3 (Fig. 3) . Immunohistochemical staining for PARP protein reveals similar densities in pyramidal cell layers and dentate gyrus (Fig. 3) , thus PARIS signal reflects PARP activation associated with DNA damage rather than simply distribution of PARP protein. Although DNA staining with propidium iodide is more intense in dentate gyrus than CA 1-3, the relative enrichment in dentate is much less than it is with ISEL and PARIS (Fig. 3) .
Unilateral cerebral ischemia experiments demonstrate that in vivo PARP activation parallels in vivo DNA damage. After I͞R, DNA damage and PARIS are unilateral and similarly distributed in hippocampus, striatum, and cerebral cortex (Fig. 4) . PARIS does not increase until 5 min after reperfusion, 65 min after initiation of ischemia (data not shown), fitting with other observations that PARP activation reflects reperfusion damage after cerebral ischemia (22) . I͞R also increases PAR staining in neurons of cerebral cortex and striatum (Fig. 4) , as well as hippocampus (data not shown).
Basal PARP Activity and DNA Damage in Vivo Reflect NMDA-R and NO Neurotransmission. PARIS distribution in mouse forebrain is similar to that in rat forebrain, with high densities in pituitary Values are means of replicated triplicate determinations.
Fig. 2.
PARP-1 is the predominant protein labeled in the PARIS assay. Autoradiographic visualization of SDS͞PAGE resolution of PARIS-labeled protein from WT mouse brain sections demonstrates that all signal migrates at approximately 110 kDa, identical to PARP-1 migration. Labeling is abolished by DPQ (10 M). Specificity of the PARIS assay is further ensured through demonstration that protein labeling is absent in PARP-1 Ϫ͞Ϫ brain tissue. Fig. 3 . Prominent PARP activity in dentate gyrus of hippocampus reflects regionally high levels of DNA damage. Immunohistochemical staining for PARP demonstrates similar protein levels in hippocampal pyramidal cell layers and dentate gyrus, and propidium iodide (PI) DNA staining shows similar levels of DNA in these regions. However, PARIS and ISEL reveal much higher poly-(ADP-ribosyl)ation and DNA damage in dentate gyrus relative to hippocampal pyramidal cell layers CA 1-3. Results shown are representative of those obtained from at least five trials of at least five mice per group. gland, cerebellum, and dentate gyrus of hippocampus (Fig. 1) . PARIS and ISEL are reduced by 15% in nNOS Ϫ͞Ϫ forebrain, and NAD ϩ is elevated by 25% (Table 4) . Thus, in intact animals as in brain cultures, nNOS influences basal NAD ϩ levels via PARP activity. 7-NI (50 mg͞kg i.p.) reduces ISEL and PARIS in WT forebrain by 10% and 30%, respectively (Table 4) . After 5 days of treatment with 7-NI (50 mg͞kg s.c. every 12 h), immunohistochemically monitored nitrotyrosine and PAR are dramatically decreased in rat cortex (Fig. 5) , as well as in striatum and hippocampus (data not shown). Treatment of WT rats with MK801 (1 mg͞kg i.p.) for 1 h reduces ISEL by 25% and PARIS by 45% in forebrain (Table 4 ) and also reduces PAR staining (Fig. 5) .
Basal DNA Damage and Poly(ADP-Ribosyl)ation in Peripheral Tissues.
ISEL assays for DNA damage reveal a wide range in peripheral tissues, with levels in the bladder 50 times higher than those in the pancreas. Tissues with substantial cellular turnover, such as bladder, thymus, colon, small intestine, and kidney display highest ISEL, and ISEL signal is unaltered in PARP-1 Ϫ͞Ϫ animals. PARIS levels reflecting basal poly(ADP-ribosyl)ation also vary widely, with highest values being found in testis that are about 30 times the lowest values that are found in liver (data not shown). Like the brain, PARIS and ISEL are colocalized in the eye, with highest levels in retina and relatively lower levels in cornea. PARIS and ISEL are colocalized in thymus, skeletal muscle, bladder, testis, liver, and lung (data not shown). PARIS and ISEL are also colocalized in heart tissue, with highest levels in the subendocardium and decreased signal in adjacent myocardium. PARIS and ISEL values do not correlate well among all organs, however, suggesting that in some tissues poly(ADPribosyl)ation is not determined solely by DNA damage. The discrepancy between ISEL and PARIS is highlighted by their patterns in the kidney (Fig. 6) . ISEL is pronounced most in the pelvis and calyces, least in the medulla, and intermediately in the cortex. By contrast, PARIS is low in the pelvis and highest in cortex. Substantial PARIS remains in PARP-1 Ϫ͞Ϫ kidney, and ISEL does not differ at all. Although in the stomach both PARIS and ISEL are most intense in the mucosa and relatively absent in submucosa and muscular wall, PARIS is relatively absent from the mucosa of small intestine and colon, whereas ISEL remains high in these regions (data not shown). In the pancreas, PARIS is diffusely distributed with focal increases in islets, whereas ISEL does not show these same focal increases. In the spleen, both PARIS and ISEL are prominent in the subcapsular compartment. Although PARIS is enriched in white pulp more than in red pulp, ISEL is more homogeneously distributed throughout splenic parenchyma (data not shown).
Most strikingly, although PARIS is fully depleted in some organs of PARP-1 Ϫ͞Ϫ mice, in other organs, gene deletion leads to little or no decrease (Table 5 ). Skeletal muscle, whose PARIS activity is second highest, eye, and spleen show no loss of PARIS signal with PARP-1 gene deletion. PARIS signal declines only 35-70% in kidney, thymus, heart, and lung of PARP-1 Ϫ͞Ϫ animals. By contrast, PARIS activity is largely depleted in liver, colon, small intestine, brain, testis, pancreas, bladder, and stomach of PARP-1 Ϫ͞Ϫ mice. We also measured NAD ϩ in peripheral tissues, whose relative levels in various organs do not correlate with variations in ISEL or PARIS and which are not altered in PARP-1 Ϫ͞Ϫ mice (data not shown).
Discussion
PARP has long been thought to be virtually inactive under basal physiologic conditions. We now show in cell culture and intact animals that basal NMDA-R mediated neurotransmission is 6 . Poly(ADP-ribosyl)ation in mouse kidney localizes differently than DNA damage and is substantial in PARP-1 Ϫ͞Ϫ kidney. ISEL signal in WT and PARP-1 Ϫ͞Ϫ kidney is highest in renal pelvis and calyces, light in the medulla, and moderate in cortex. PARIS signal is much less intense than ISEL in renal pelvis and calyces of WT and PARP-1 Ϫ͞Ϫ kidney. Like ISEL, PARIS is very light in medulla and moderate in cortex. PARIS in PARP-1 Ϫ͞Ϫ kidney is localized similarly to PARIS in WT but much less intense overall.
responsible in part for a previously undescribed high degree of basal neuronal DNA damage and PARP activity, which influences neuronal NAD ϩ .
To visualize in vivo PARP activation, we developed the PARIS method. After unilateral I͞R in rat brain, increased PARIS signal in hippocampus, striatum, and cerebral cortex parallels increased immunohistochemically visualized PAR and increased DNA damage as measured with ISEL. Thus, PARIS visualizes in situ PARP activity induced by DNA damage after neurotoxic insult. For reasons that are not clear, PARIS signal in WT mouse cerebellum is less than that in forebrain, despite higher ISEL in mouse cerebellum relative to that in forebrain.
PARIS signal, which in PARP-1 Ϫ͞Ϫ brain is 7% of that WT, is abolished by PARP inhibitors. Although new enzymes with poly(ADP-ribosyl)ation capability have been identified, including VPARP (29) , tankyrase (30) and PARP-2 (31-37), our findings indicate that basal poly(ADP-ribosyl)ation in the brain almost exclusively reflects PARP-1.
NAD ϩ levels increase after reduction of NMDA-R-NO neurotransmission, suggesting that this signaling pathway acts through poly(ADP-ribosyl)ation to regulate neuronal NAD ϩ and energy dynamics physiologically. Lower NAD ϩ levels after augmented NMDA-R-NO neurotransmission may limit neuronal capacity to initiate other activities that would threaten energy reserves. The notion that synaptic transmission in neurons depletes NAD ϩ fits with the levels of NAD ϩ in primary cultured cerebral cortical astrocytes that are 2-fold higher than in primary cultured cerebral cortical neurons.
Regional enrichments in basal DNA damage and PARP activity suggest a basis by which some regions of the brain may be more vulnerable than others to metabolic disturbance. Besides NMDA-R mediated neurotransmission and NO signaling, what other events determine basal DNA damage and PARP activation? Candidates include perturbations of calcium signaling systems, which could activate DNase, or other DNA events involving poly(ADP-ribosyl)ation, such as transcription (38) (39) (40) (41) (42) (43) (44) , telomere length regulation (30, 45) , or DNA replication (46, 47) . Another likely source of endogenous DNA damage is basal free radical production other than NO, because 1 h of exposure to MnTBAP decreases basal DNA damage and PARP activity and elevates NAD ϩ in neuronal cultures. In addition to scavenging peroxynitrite, MnTBAP also scavenges superoxide anion, which is generated via pathways independent of NMDA-R signaling and NO generation.
PARIS is virtually abolished in PARP-1 Ϫ͞Ϫ brain, pancreas, liver, small intestine, colon, and testis, is not reduced in PARP-1 Ϫ͞Ϫ skeletal muscle, spleen, or eye, and is depleted only partially in PARP-1 Ϫ͞Ϫ heart, lung, and kidney. Low levels of residual PARIS exist in PARP-1 Ϫ͞Ϫ stomach, bladder, and thymus. In those tissues, other forms of PARP presumably mediate the PARIS signal. PARP-2 lacks some of the nuclear localization sequences of PARP-1 (31). Incongruities in localization of basal in vivo PARIS and ISEL in various tissues implicate an in vivo role for poly(ADP-ribosyl)ation other than DNA repair. Conceivably in skeletal muscle, the function of poly(ADP-ribosyl)ation may relate more to the preeminent energy dynamics of this tissue than DNA repair.
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